Derivation of the linear relationship between SWCNTs functionalization energies and sidewall curvature by Massimo Fusaro
ORIGINAL RESEARCH
Derivation of the linear relationship between SWCNTs
functionalization energies and sidewall curvature
Massimo Fusaro
Received: 8 May 2011 / Accepted: 5 October 2011 / Published online: 7 June 2012
 The Author(s) 2012. This article is published with open access at Springerlink.com
Abstract A simple linear relationship between the func-
tionalization reaction energies for the exohedral monova-
lent addition on the surface of an ideal, infinitely long,
single-walled carbon nanotube (SWCNT) and the recipro-
cal SWCNT radius has been derived employing the hard–
soft acid basis principle and the tight binding model. The
slope of the derived linear relationship is a function of the
effective number of valence electrons involved in the
functionalization reaction. The intercept of the derived
linear relationship, equal to the reaction energies on a
planar graphite surface, is a function of the electrophilicity
of the monovalent addend and of the condensed Fukui
function of its reacting atom. The theoretical predictions of
this simple formula are coherent with the computational
density functional theory data reported in the literature.
Keywords SWCNT  Functionalization energies 
Hardness  Radius of a nanotube
Introduction
The great interest in carbon nanotubes has been in large due to
their unique electronic properties, predicted to be either
metallic or semiconducting depending upon the diameter and
helicity of the tubes [1, 2]. These remarkable mechanical,
electronic and structural properties make carbon nanotubes
the most promising candidates for the building blocks of
molecular-scale machines and nanoelectronic devices [3–6].
A single-walled carbon nanotube (SWCNT) is usually
described as rolled graphene, where the hexagonal, two-
dimensional lattice is mapped on a cylinder of radius R with
various helicities characterized by a set of two integers
(n, m). The electronic structure of SWCNTs can be either
metallic or semiconducting depending upon the chiral vector
(n, m) [7]. Therefore, electronic properties of SWCNTs can,
at first order, be deduced from that of graphene by mapping
the band structure of a two-dimensional hexagonal lattice on
a cylinder [2, 8–12]. Such analysis indicates that the (n,
n) armchair nanotubes are always metallic and exhibit one-
dimensional quantum conduction [13, 14]. The (n, 0) zigzag
nanotubes are generally semiconductors; but, if n is an
integer multiple of three, they are metallic.
One of the problems that synthetic chemistry faces is the
solubility of nanotubes. Solubility can be obtained by
functionalization of these materials through attachment of
oxidized, polar groups to the graphene surfaces.
The functionalization reaction energy DE (equivalent to
the negative binding energy of the reactants A) is defined as
DEðA-SWNT) = EðA-SWNT)  EðSWNT)-EðAÞ: ð1Þ
The functionalization reaction energy versus the
reciprocal SWCNT radius (1/R, measuring sidewall
curvature) was found to fit the linear equation
DE ¼ DE0 þ C=R: ð2Þ
This is shown in calculations by Gulseren et al. [7] where
A = H, Al; Zhao et al. [15] where A = NH2; Park et al. [16]
where A = F, OH, H, NH2, CH3, COOH; and Zheng et al.
[17] and Wang et al. [18] where A = CH2, NH, O.
It has been suggested [7, 15] that DE0 is a quantity related
solely to the adatom/electrophilic agent and corresponds to
its reaction energy on a planar graphite surface (1/R = 0)
and that C is apparently related to the tube chirality [7, 15].
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Zheng et al. and Wang et al. [17, 18] also suggested that the
C term in the linear relationship depends not only on the
nature of the binding interaction and tube chirality, but also
on the isomer type (for divalent addends).
The aim of this paper is to derive the linear relationship
described in Eq. 2 starting from the HSAB principle and
the tight binding model.
Theoretical background
Hardness, softness and Fukui function
Hardness, softness and Fukui function are powerful tools to
predict the reactivity site of a molecule [19]. Fukui func-
tion f rð Þ [19–21] is defined as a derivative of electronic
density q rð Þ versus the total number of electrons N at
constant external potential v generated by the nuclei. Thus,





According to the density functional theory (DFT) [22],
the chemical potential l [23], electronegativity v [23, 24],
hardness g [23, 25] and softness S [20, 23] of a chemical
species can be represented by























where E is the total electronic energy (the factor of 1/2 in
the original definition of the global hardness has been
omitted here for convenience). The Fukui condensed
function fi is obtained by integrating the Fukui function
























As a result, the Fukui condensed function for the ith
atom is equal to the derivative of the charge qi of the ith
atom with respect to the number of electrons.
Considering the variation in energy in frozen molecular
orbitals (MOs) by the Koopmans theorem [23], in a finite
difference approximation, we have the approximate
expressions of Eqs. 4, 5 and 6, respectively:
v ¼ l  I þ EA
2
; ð8Þ
g  I  EA ð9Þ
and
S  1
I  EA ; ð10Þ
where I and EA are the vertical ionization energy and the
electroaffinity, respectively [23].
Local quantities
The site selectivity of a chemical system cannot, however,
be studied by means of the global descriptors of reactivity
(i.e. g and S). For this, appropriate local descriptors need to
be defined. Local softness s rð Þ is defined by [23]












¼ f rð Þ  S: ð11Þ





s rð Þd3r ¼
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¼ S  fi: ð12Þ
Slope discontinuities occur because q rð Þ is a function of N,
thus, Eq. 3 provides the following three reaction indices [24]




electrophilic attackð Þ ð13Þ




nucleophilic attackð Þ ð14Þ
and
f  rð Þ ¼ f
 rð Þ þ fþ rð Þ
2
radical attackð Þ: ð15Þ
The condensed local softness (Eq. 12) of atom, i, in a
molecule is therefore defined as [25]
s
i
¼ S  f
i
electrophilic attackð Þ ð16Þ
sþ
i
¼ S  fþ
i




¼ S  f 
i
radical attackð Þ: ð18Þ
The local HSAB principle
The interaction energy between two chemical species A
and B with the number of electrons NA and NB can be
written within the framework of DFT [22] as
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DEint ¼ E qAB½   E qA½   E qB½ ; ð19Þ
where qAB, qA and qB are the electron densities of the
systems AB at equilibrium and of the isolated systems A
and B, respectively.
It has been shown by Gazquez and Mendez [26] that the
interaction between A and B is assumed to take place in
two steps. Initially, interaction will take place through the
equalization of chemical potential at constant external
potential. As A and B approach the equilibrium state
through changes in the electron density of the global sys-
tem, changes will be generated in the external potential at
constant chemical potential. This step is actually a mani-
festation of the principle of maximum hardness [26]. Thus,
the total interaction energy between A and B becomes [27]
DEint ¼ DEv þ DEl: ð20Þ
Following Gazquez and Mendez [27, 28], the
expressions for each term in Eq. 20 can be written as
DEv   1
2
lA  lBð Þ2SASB
SA þ SB ð21Þ
and
DEl   1
2
N2ABk








SA þ SB ; ð22Þ
where SA and SB are the values of the softness of the iso-
lated systems A and B, respectively. NAB is the total
number of electrons of the system AB and k is the pro-
portionality constant between SAB (softness of the system
AB at equilibrium) and SA ? SB.
The product of the terms N2AB and k is known as k [26,
27] and can be interpreted as the effective number of
valence electrons Ne [29] participating in the interaction
between A and B (k = N2e ).
From a local point of view, if the interaction between two
chemical systems A and B occurs through the ith atom of A,
one can express the interaction by replacing the softness of A
with the local softness of the site i in A [25, 27], thus
DEintð ÞAi  
1
2
lA  lBð Þ2SAfAiSB þ k
SAfAi þ SB ; ð23Þ
where fAi is the condensed Fukui function of the site i in A.
Reaction energies for SWCNTs
In order to evaluate the reaction energy (Eq. 1) between a
monovalent addend A (radical and electrophilic agent) and a
SWCNT, we assume that the reaction energy DEðA-SWNTÞ
can be approximated by the interaction energy (Eq. 23).




lA  lSWNTð Þ2SAfAiSSWNT þ k
SAfAi þ SSWNT :
ð24Þ
The length of the (n, m) SWCNTs is supposed to be
infinite. The chemical potential, lSWNT, of an undoped,
ideal, infinitely long SWCNT is zero [30, 31], as is that of





SAfAi þ SSWNT : ð25Þ
Replacing the variables softness (SA, SSWNT) with the












where nA and gSWNT are the values of the hardness of the
isolated systems A and SWCNT, respectively.
Semiconducting SWCNTs
The (n, 0) zigzag nanotubes (where n is not a multiple of 3)
are semiconductors [8, 33, 34]; their highest occupied
molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO) and energy band gap (Egap) can be





This expression is also valid for chiral SWCNTs (n, m) with
n = m and n - m = 3q, where q is an integer not equal to
zero [34], the carbon–carbon bond length acc = 1.42 A˚ [35]
and a Slater-Koster parameter [34] (hopping matrix ele-
ment) Vppp & -2.7 to -3 eV. According to Koopmans
theorem [36], ionization energy is simply the negative
HOMO energy. In molecules with coupled spins, such as
SWCNTs, electron affinity is equal to the negative LUMO
energy.
From Eqs. 9 and 27 it follows gSWNT  jVpppjaccR with
jVpppjacc ¼ 4:1  0:3 eV  A˚: ð28Þ
This is also valid when R tends to infinity, such as for
graphene [37].
















\1, one can expand Eq. 29 into an
asymptotic series in powers of 1/R. Thus,









































The (n, n) armchair nanotubes are metallic [8, 33, 34, 38]
and the (3n, 0) zigzag nanotubes are quasi-metallic [8, 32]
due to a small band gap. The chemical hardness generally
measures the energy required for the tube to store charge.
For molecules such as nanotubes, this is dominated by the
band gap (zero for metallic and negligible for quasi-
metallic SWCNTs) and the charging energy, whilst the
reorganization energy is minor [39]. In this approximation,
by the cluster charging model, the hardness is proportional
to 1/R [39, 40]. In our approximation model, we assume
that the hardness of a metallic or quasi-metallic SWCNT








where H is a constant to be derived. By means of the DFT
data of hardness [39] for a finite section of the (5,5)
metallic SWCNT with hydrogen termination at open ends
and molecular formula C10LH20, where L is proportional to
the length of the SWCNT section, the constant H has been
evaluated. Fitting the data of hardness [39] with the
exponential equation versus L gives
gðC10LH20Þ ¼ gð5;5ÞSWNT þ BeL=t; ð33Þ
with B, t and gð5;5ÞSWNT fitting parameters (Fig. 1).








n2 þ m2 þ nm
p
: ð34Þ
The constant H has been estimated by Eqs. 32 and 34.
Thus, by means of the value of the fitting parameter
gð5;5ÞSWNT = 2.1 ± 0.3 eV it follows
H  7  1 eV  A˚: ð35Þ
Utilizing Eq. 31 for metallic and quasi-metallic
SWCNTs and the analogy between Eqs. 28 and 32, whilst

















It is known [41] that the hardness of molecules, atoms
and radicals is proportional to its chemical potential. The
constant of proportionality calculated for many atoms and




 ¼ c ¼ 1:6  0:3: ð37Þ














¼ 0:3  0:3: ð38Þ
Many chemical interactions involve fractional charge
transfer processes. In this context, an electrophilicity index
has been defined, which measures the energy change of an
electrophile when it becomes saturated with electrons [42].
For this purpose, a chemical species immersed in an
idealized bath of electrons with zero chemical potential is
considered. Thus, the species will accept electrons until the
point at which its chemical potential becomes equal to that
of the bath [43].
Fig. 1 The DFT hardness, g(C10LH20), [39] for molecular models
C10LH20 of SWCNTs, versus L fitted with the exponential equation:
:gðC10LH20Þ ¼ gð5;5ÞSWNT þ BeL=t: gð5;5ÞSWNT = 2.1 ± 0.3 eV, R =
0.93 (the correlation coefficient.)
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The electrophilicity xA of a monovalent neutral addend






Using Eqs. 31, 36, 38 and 39, where k = N2e [29], if R 
jVpppjaccfAi
gA
it follows for (n, 0) zigzag SWCNTs and in general
chiral SWCNTs (n, m) with n = m and n - m = 3q where
q is an integer







For (n, n) armchair SWCNTs and in general chiral
SWCNTs (n, m) with n - m = 3q where q is an integer.
If R  HfAigA then








Equations 40 and 41, in our simplified model, are the
expressions of the functionalization reaction energies for
the semiconducting and metallic SWCNTs, respectively.
Computational methods
The only calculations performed in this paper are the
condensed Fukui function for the monovalent addend Ai
(OH, NH2, CH3 and COOH). In the case of a single atom
(e.g. F and H), the condensed Fukui function is one by
definition.
In order to calculate the condensed Fukui function, fAi,
for reacting atom i of different monovalent addends Ai, we
used a quantum mechanical approach. In particular, the
hybrid density functional B3LYP method with a split
valence basis set and d polarization function 6-31G(d) [44].
All calculations were performed by means of a Gaussian 03
software [45].
The condensed Fukui’s function for radical attack was





 qiðN þ 1Þ  qiðN  1Þ
2
: ð42Þ
The ‘natural population analysis’ (NPA) [47] charges qi
on the atom i of the monovalent addends A was calculated
by adding or subtracting an electron (N ? 1, N - 1) to the
N electrons system the geometry of which was optimized
by the DFT:B3LYP/6-31G(d) method. The NPA scheme
for calculating the condensed Fukui’s function has been
found to be more appropriate than the ‘atoms in molecules’
(AIM) and Mulliken schemes [46].
Results
Linear relationship
A linear relationship between the functionalization reac-
tion energies, DE, of SWCNTs (equivalent to the negative
binding energy of the reactants) for monovalent addends
A versus 1/R has been reported as fitting the equation of
the calculations (this was not derived) by Gulseren et al.
[7] for Ai = H, Al; Zhao et al. [15] for Ai = NH2; and
Park et al. [16] for Ai = F, OH, H, NH2, CH3, COOH. In
these papers, the smallest radius SWCNTs used were (5,5)
and (7,0).
In order to validate Eqs. 40 and 41, we verified the
validity conditions of the equations such as







¼ 0:5 A˚ ð43Þ
and





¼ 0:7 A˚; ð44Þ
where gmin ðH;NH2;F;OH;H;CH3;COOHÞ is the minimum value of
the hardness between the different addends A, which cor-
responds to the hardness of the COOH addend (9.42 eV
Table II of [48]). In this table, the value reported is half of
that expected due to a different definition of the hardness
(Eq. 5). The values of hardness for the other addends A are
calculated from Table 1 of [45] and from Table IV of [49],
where R(7,0) and R(5,5) are the radii of the (5,5) and (7,0)
SWCNTs.
It follows from Eqs. 2, 40 and 41 that
DE0 ¼ xAfAi: ð45Þ
For (n, 0) zigzag SWCNTs and in general chiral
SWCNTs (n, m) with n = m and n - m = 3q where






For (n, n) armchair SWCNTs and in general chiral







Equation 45, in our simplified model, is the approximate
expression of the functionalization reaction energies for
planar graphene.
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Equations 46 and 47 express the linear fit slopes of the
functionalization reaction energies for the semiconducting
and metallic SWCNTs, respectively, versus the inverse of
the SWCNTs radius.
Linear fit slopes
Linear fit slopes have been reported for the functionalization
reaction energies versus the inverse of the SWCNTs radius
with values of C of -4.3 and -3.2 eV A˚ [16] and
-3.14 eV A˚ [7] for metallic and semiconducting SWCNTs,
respectively. These slopes are found to be constant, inde-
pendent of the addend, the tube size and the chirality.
From Eqs. 46 and 47, it follows
Cmetallic
Csemiconducting
¼ 4:33:2 ¼ 1:3 
H
jVpppjacc ¼ 1:7 0:4: ð48Þ
The ratio between the linear fit slope of the metallic and
the semiconducting SWCNTs is calculated from the DFT
data [16]. The resulting value of 1.3 is in agreement with
the value obtained from our simplified model (1.7 ± 0.4).
Effective number of valence electrons
The constancy of the slopes of the linear fits, independent
of the addend, the tube size and the chirality, can be
explained from Eqs. 46 and 47. In the radical reactions, the
effective number of valence electrons involved, Ne, is
independent of the addend, the tube size and the chirality.






¼ 1:4  0:2: ð49Þ







¼ 1:0  0:2: ð50Þ
Equations 49 and 50 are the expressions of the effective
number of valence electrons involved in the radical reaction
between the semiconducting and metallic SWCNTs,
respectively. The obtained value is close to one electron,
which is the expected value for a radical reaction.
Reaction energy on a planar graphite surface
The reaction energy, DE0, on a planar graphite surface is
reported in Table 1 [7, 15, 16]. The DE0 on a planar graphite
surface for the monovalent addend Ai (where Ai = F, OH, H,
NH2, CH3, COOH) is extrapolated from the binding energies,
DE, of the (5,5) SWCNTs (from Table 1 of [16]) by Eq. 2, the
value of Cmetallic ¼ 4:3 eV  A˚ [16] and the radius of a (5,5)
SWCNT (Eq. 44). The monovalent addends Ai (where Ai = F,
OH, H, NH2, CH3, COOH) are calculated by means of a su-
percell length of 7.38, 7.5 A˚ for H* and 12.6 A˚ for NH2*. H and
H* (Table 1) have similar supercell lengths and similar DE0.
The DE0 on a planar graphite surface (Table 1) was
plotted versus xAfAi (Fig. 2). The ratio between DE0 of




ð Þ ¼ 0:48  a.
Table 1 The reaction (=negative binding) energy, DE0, on a planar
graphite surface (eV) for different monovalent addends Ai = (F, OH,









F -1.92 3.86a 1 -3.86
OH -1.03 2.48b 0.87/O -2.16
H -1.59 2.01a 1 -2.01







COOH -0.45 1.82c 0.42/C -0.77
The condensed Fukui function fAi (calculated from Eq. 42) is calcu-
lated for the monovalent addend A with reacting atom i
The electrophilicity, xA (eV):
afrom Table 1 of [42]
b Calculated by Eq. 39 and data from Table IV of [49] with the factor
of 1/2 in the original definition of the global hardness omitted in this
paper for convenience
c By Eq. 39 and data from Table II of [48]
Fig. 2 Plot of binding (=negative reaction) energies, -DE0, on a
planar graphite surface versus xAfAi (Table 1). The resulting linear
fitting parameters are: slope a = 0.48 ± 0.02, intercept b = 0.05 ±
0.05, R = 0.99 (the correlation coefficient.). NH2*, H* and H
(Table 1) are not included in this fitting
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From the linear fit of DE0 (Fig. 2) on a planar graphite
surface of the monovalent addends Ai (where Ai = F, OH,
NH2, CH3, COOH), we deduce that DE0 = -a xAfAi, which
is approximately minus one half of our theoretical prediction
(Eq. 45, a = 0.48 ± 0.02). The ratio between DE0 of
NH2 and NH2* is
DE0 NH2ð Þ
DE0 NH2
ð Þ ¼ 0:48  a. We can therefore
hypothesize that with a supercell length of 7.38 A˚, for the
monovalent addends Ai = (F, OH, NH2, CH3, COOH), DE0
is reduced by a factor of 0.48 ± 0.02 due to the interaction
between the neighbouring supercell. In fact, for the mono-
valent addend NH2* with supercell length 12.6 A˚ (Table 1),
DE0 on a planar graphite surface is very close to our theo-
retical prediction (Eq. 45). The interaction between neigh-
bouring supercells for the monovalent addends (H and H*)






compared with the mono
valent addends Ai = (F, OH, NH2, CH3, COOH),
DE0ðAÞ
xAfAi
¼ 0:48 ¼ a
 
. This can be explained for two reasons,
the small dimension of the hydrogen atom compared to the
other monovalent addends A and the difference of electro-
negativity (Pauling) between the hydrogen atom and the
carbon atom. For hydrogen, this is 0.4; whilst for the fluorine
atom, it is 2.9. This fact can influence the intensity of the
interaction between neighbouring supercells.
Conclusions
A simple linear relationship between the functionalization
reaction energies for the exohedral monovalent addition on
the surface of an ideal, infinitely long SWCNT and the
reciprocal SWCNT radius has been derived from the
HSAB principle and the tight binding model.
The slope of the derived linear relationship is a function
of the effective number of valence electrons involved in the
functionalization reaction. The intercept of the derived
linear relationship, equal to the reaction energies on a
planar graphite surface, is a function of the electrophilicity
of the monovalent addend and of the condensed Fukui
function of its reacting atom.
The theoretical predictions of this simple formula are coher-
ent with the computational DFT data reported in the literature.
Acknowledgments The Interdisciplinary Centre of Mathematical
and Computational Modeling (ICM) of Warsaw University is
acknowledged for computer time and facilities within the G18-6
computer grant. Prof. A. Les´ is acknowledged for reading and com-
menting on the manuscript.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
1. Rakitin A, Papadopoulos C, Xu JM (2000) Phys Rev B 61:5793
2. Dresselhaus MS, Dresselhaus G, Eklund PC (1996) Science of
fullerenes and carbon nanotubes. Academic, San Diego
3. Treacy MMJ, Ebbesen TW, Gibson JM (1996) Nature 381:678
4. Falvo MR, Clary GJ, Taylor RM II, Chi V, Brooks FP Jr,
Washburn S, Superfine R (1997) Nature 389:582
5. Wong EW, Sheehan PE, Liebert CM (1997) Science 277:1971
6. Charlier JC, Issi JP (1998) Appl Phys A 67:79
7. Gulseren O, Yildirim T, Ciraci S (2001) Phys Rev Lett 87:116802
8. Gulseren O, Yildirim T, Ciraci S (2002) Phys Rev B 65:153405
9. Hamada N, Sawada S, Oshiyama A (1992) Phys Rev Lett
68:1579
10. Dresselhaus MS, Dresselhaus G, Saito R (1992) Phys Rev B
45:6234
11. Mintmire JW, Dunlap BI, White CT (1992) Phys Rev Lett 68:631
12. White CT, Robertson DH, Mintmire JW (1993) Phys Rev B
47:5485
13. Frank S, Poncharal P, Wang ZL, Heer WA (1998) Science
280:1744
14. Ciraci S, Buldum A, Batra IC (2001) J Phys 13:537
15. Zhao M, Xia Y, Lewis JP, Mei L (2004) J Phys Chem B 108:9599
16. Park H, Zhao J, Lu JP (2005) Nanotechnology 16:635
17. Zheng G, Wang Z, Irle S, Morokuma K (2006) J Am Chem Soc
128:15117
18. Wang Z, Irle S, Zheng G, Morokuma K (2008) J Phys Chem C
112:12697
19. Mondal P, Hazarika KK, Deka RC (2003) Phys Chem Commun
6:24
20. Yang W, Parr RG (1985) Proc Natl Acad Sci U S A 82:6723
21. Chandra AK, Nguyen MT (2002) Int J Mol Sci 3:310
22. Parr RG (1989) Density-functional theory of atoms and mole-
cules. New York, Oxford
23. Chermette H (1999) J Comput Chem 20:129
24. Parr RG, Yang W (1984) J Am Chem Soc 106:4049
25. Pal S, Chandrakumar KRS (2000) J Am Chem Soc 122:4145
26. Gazquez JL, Mendez F (1994) J Phys Chem 98:4591
27. Gazquez JL, Mendez FJ (1994) J Am Chem Soc 116:9298
28. Sen KD (1993) Chemical hardness (structure and bonding), vol
80. Springer, Berlin
29. Parkanyi C (1998) Theoretical organic chemistry (theoretical and
computational chemistry), vol 5. Elsevier, New York
30. Parafilo AV, Krive IV, Bogachek EN, Landman U, Shekhter RI,
Jonson M (2010) Low Temp Phys 36:959
31. Popov VN, Lambin P (2006) Carbon nanotubes: from basic
research to nanotechnology (NATO science series II: mathe-
matics, physics and chemistry). Springer, The Netherlands
32. Falkovsky LA (2008) J Exp Theor Phys 106:575
33. Kleiner A, Eggert S (2001) Phys Rev B 64:113402
34. White CT, Mintmire JW (2005) J Phys Chem B 109:52
35. Leonard F (2009) The physics of carbon nanotube devices.
Norwich, NY
36. Pearson RG (1999) J Chem Educ 76:267
37. Pearson RG (1997) Chemical hardness: applications from mole-
cules to solids. Wiley, Weinheim
38. Maiti A (2003) Nat Mater 2:440
39. Zhou Z, Steigerwald M, Hybertsen M, Brus L, Friesner RA
(2004) J Am Chem Soc 126:3597
40. Taherpour AA (2009) Chem Phys Lett 469:135
41. Yang W, Lee C, Ghosh SK (1985) J Phys Chem 89:5412
42. Parr RG, Szentpaly LV, Liu S (1999) J Am Chem Soc 121:1922
43. Gazquez JL (2008) J Mex Chem Soc 52:3
44. Hehre WJ, Radom L, Schleyer PVR, Pople JA (1986). Ab initio
molecular orbital theory. Wiley, New York
Struct Chem (2012) 23:1301–1308 1307
123
45. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery Jr. JA, Vreven T, Kudin KN, Burant
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,
Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada
M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M, Nak-
ajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox JE,
Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S,
Cioslowski J, Stefanov BB, Liu G, Liashenko A, Piskorz P,
Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng
CY, Nanayakkara A, Challacombe M, Gill PMW, Johnson B,
Chen W, Wong MW, Gonzalez C, Pople JA (2004) Gaussian 03,
Revision C.01. Wallingford
46. Hocquet A, Toro-Labbe´ A, Chermette H (2004) J Mol Struct
(Teochem) 686:213
47. Carpenter JE, Weinhold F (1988) J Mol Struct (Teochem) 169:41
48. De Proft F, Langenaeker W, Geerlings P (1993) J Phys Chem
97:1826
49. Pearson RG (1988) Inorg Chem 27:734
1308 Struct Chem (2012) 23:1301–1308
123
